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We have analyzed ASCA data of 27 early-type galaxies, and studied the properties of their X-ray
emitting ISM (Inter Stellar Medium) in detail. We found that overlapping lines and free-bound continuum
cause strong coupling in the derived abundances of various elements. The abundance determination is also
dicult due to the uncertainties in the Fe-L atomic physics, because Fe-L lines couple with O and Ne K-lines.
However, when abundances of -elements are xed, all the plasma codes give similar Fe abundances with a
scattering of only 20{30%. To relax the strong coupling among the elements, we included 20% systematic
errors in the Fe-L region of the spectra. Then, in X-ray luminous galaxies, the derived abundance of Fe and
-elements both became  1 solar within a factor of 2. This result relaxes the previous severe discrepancy
between the ISM and stellar metallicities. The ISM metallicity in X-ray fainter galaxies is still uncertain,
but we can at least constrain that contribution from type-Ia SN to the ISM abundance is lower than in X-ray
luminous systems. These results strongly suggest that a large fraction of SN Ia products have escaped into
intergalactic space.
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Introduction
Discovery of X-ray emitting hot Interstellar Medium (ISM) with the Einstein observatory has drastically
renewed the view of early-type galaxies (Forman et al. 1985; Trinchieri et al. 1986; Canizares et al. 1987;
Fabbiano et al. 1988; Fabbiano 1989). Since the hot ISM is considered to be gravitationally conned to a
galaxy, X-ray observations provide useful knowledge about the depth and the shape of gravitational potential.
Furthermore, chemical composition of the ISM tells us about the past history of the galaxy evolution, since
stellar mass-loss products and supernova ejecta are accumulated in the ISM.
The ISM is metal-enriched by stellar mass loss and Type Ia SNe that are currently observed in elliptical
galaxies. The standard supernova rates predict the metallicity of ISM to be as high as several times the
solar value (e.g. Loewenstein and Mathews 1991; Ciotti et al. 1991; Renzini et al. 1993). However, the
previous measurements of ISM with ASCA have show that the metallicity was less than half a solar (Awaki
et al. 1994; Loewenstein et al. 1994; Mushotzky et al. 1994; Matsushita et al. 1994; Arimoto et al. 1997;
Matsumoto et al. 1997). Giant early-type galaxies are estimated to have stellar iron abundance of about 1
solar, when observed strong radial gradient of Mg2 index is taken into account (Arimoto et al. 1997). Thus,
the X-ray measured abundances of ISM implied that they were even lower than the stellar metallicity.
The very low metal abundances in ICM cast some doubts in the current scenario of supernova enrichment
and chemical evolution of galaxies. Arimoto et al. (1997) discussed various astrophysical aspects of the
inferred low iron abundances in the ISM, concerning the chemical evolution of galaxies and cluster of galaxies,
the evolution of gas flows in ellipticals, and the heating of the intra-cluster medium. In the attempt of
interpreting the observed results in a consistent way, they explored possibilities of hiding or diluting iron
in the ISM. However, none of the mechanisms appeared astrophysically plausible, and they alternatively
questioned the reliability of using iron-L lines as a diagnostic tool to infer abundances from X-ray spectra.
Recently, Buote et al. (1998), Buote et al. (1999) and Buote (1999) reported that some X-ray luminous
galaxies have about 1 solar abundance, employing a multi-temperature plasma model.
The high quality X-ray spectra of NGC 4636 (Matsushita et al. 1997) enabled us to study systematic
error in our abundance determination, such as the Fe-L atomic physics and abundance ratios. Based on this
study, we conclude that the ISM abundance of NGC 4636 is in fact  1 solar. This value is signicantly
higher than the previous ASCA results.
Einstein observations have shown that the X-ray luminosities of early-type galaxies scattered by nearly
two orders of magnitude, even for the objects with very similar optical properties (e.g. Canizares et al. 1987;
Fabbiano et al. 1992). A clue to this long-standing problem has been obtained recently in the deep ASCA
observation of the X-ray luminous galaxy NGC 4636, in which a largely extended X-ray emission around the
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galaxy has been detected. This indicates that NGC 4636 is sitting in the bottom of a large and deep potential
structure (M  1013M) lled with hot tenuous plasma (Matsushita et al. 1998). This is the main reason
why the system has acquired its high X-ray luminousity. ASCA and ROSAT observations of other X-ray
luminous galaxies also indicate greatly extended halos (Matsushita 1997; Matsushita 2000). Therefore, the
presence or absence of such an extended X-ray halo is considered as the main origin of the large scatter in
the X-ray luminosity. Later, Davis and White (1996) discovered a correlation between the metal abundance
and temperature in ISM. Loewenstein et al. (1994) report that some X-ray fainter galaxies show signicantly
lower metal abundances. These features suggest that the problem of low metal abundance may be related
with the scatter of X-ray luminosity.
In this paper, we re-examine ISM metallicity in many early-type galaxies including NGC 4636 and
discuss the origin of metals based on the relation between ISM metallicity and ISM luminosity. In section
2, we summarize ASCA observations of relevant galaxies. Section 3 deals with conventional data analysis
and results, and in section 4, we examine systematic uncertainties in the abundance measurements such as
abundance ratios and Fe-L atomic physics. In section 5, we improve the spectral analysis based on the result
of section 4 and study correlation between the ISM metallicity and the ISM luminosity. Section 6 gives
discussion of the obtained results.
In this paper we adopt for the solar iron abundance the ‘meteoritic’ value, Fe/H = 3:24  10−5 by
number (Anders and Grevesse 1989).
Targets and Observations
In the ASCA archival data, we selected early-type galaxies with distances less than 70 Mpc (H0 = 75
km s−1 Mpc−1) and B-band luminosities LB > 1010L. Objects hosting X-ray bright Active Galactic Nuclei
(AGN) and M87, the cD galaxy of the Virgo Cluster, are excluded. The sample constructed in this way
consists of 27 galaxies: 6 S0’s and 21 ellipticals, as listed in table 1. Our sample is not complete but contains
most of the near-by bright galaxies. Ten galaxies are located in cluster environments (Virgo and Fornax
clusters) while the others are in the eld. The sample contains one cD galaxy, NGC 1399 in the Fornax
cluster. Distances to the galaxies are taken from Tully (1988) if they are listed, or otherwise calculated
assuming the Hubble constant of H0 = 75 km s−1 Mpc−1; which generally gives values consistent with the
Tully’s data.
Table 2 summarizes observational log of the sample galaxies. Most of them were observed for  40 ks.
The longest observation was made for NGC 4636 (Matsushita et al. 1997):  40 ks in PV phase (1993), and
 200 ks in AO4 (1995-1996). All the observations were carried out with the SIS and the GIS (Ohashi et
al. 1996; Makishima et al. 1996) together. The SIS observing mode is summarized in table 2.
Conventional Spectral Analysis
Spectral data The data are all screened with the standard criteria; namely, data with cosmic-ray cuto
rigidities less than 6 GeV c−1 or with elevation angles less than 5 were excluded. We also discarded the
SIS data when the elevation angle from the sun-lit earth was less than 30. The response matrices consist of
RMF and ARF les. We employ gisv4 0.rmf for the GIS RMF le. Since the SIS response varies with time,
the SIS RMF for each observation has to be individually prepared using SISRMGv1.0. The ARF les have
been produced for each observation for the SIS and GIS, assuming that each target galaxy is a point source.
The spectral analysis uses the XSPEC v9.0 package.
We accumulated on-source spectrum for each galaxy within 4 times re, where re is the eective radius
(from the RC3 Catalog) centered on each galaxy. When 4re is less than 30, the accumulation radius is set to
30 which covers 80% of the incident X-ray photons from a point source. The background spectrum (Cosmic
X-ray Background and Non X-ray Background) was calculated for each galaxy by integrating the blank-sky
data in the same detector region. A 5% systemic error in the CXB brightness fluctuation (Ishisaki 1996) is
included in the background error in a quadratic form.
The galaxies in the Virgo and the Fornax clusters are surrounded by strong cluster emission, which
needs to be subtracted to obtain the pure galaxy component. Similarly, the data for NGC 499 are aected
by the extended emission in the NGC 507 group. Therefore, for NGC 499, NGC 1404, NGC 4374, NGC 4365,
NGC 4406 and NGC 4552, we derived background spectra from the source pointing data. The background
spectra in these cases were accumulated in o-source regions with the same area and a similar distance
from the optical axis as the on-source integration region to match the statistical weight with the on-source
data. For NGC 1404, the o-source region is also at the same distance from NGC 1399 to cancel the ICM
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contribution peaked at NGC 1399.
We jointly t the SIS and GIS spectra with the standard two component model (see Awaki et al. 1994;
Matsushita et al. 1994), consisting of a thin thermal emission and a thermal bremsstrahlung. The former
component describes the emission from the hot ISM, and the model parameters are temperature kT and
metallicity. The latter component, with its temperature xed at 10 keV, represents the contribution from
low-mass X-ray binaries (Matsushita et al. 1994). The two components are allowed to have free normalization,
but are subjected to a common absorption by a free column density NH .
Single-temperature ts with solar abundance ratios
The rst step of the analysis is tting the ISM spectra (or soft component) with the Raymond & Smith
(1977; hereafter R-S model) model assuming solar ratios of metal abundances. For weak sources with the
soft component flux less than 6:010−13erg s−1 in 0.5-10.0 keV, the hydrogen column density is xed to the
Galactic line-of-sight value because spectral ts cannot constrain temperature and absorption simultaneously.
Results of the spectral ts are summarized in table 3; Fig. 1 shows the SIS spectra of two representive
galaxies with dierent X-ray luminosities. As shown in the previous ASCA papers (e.g. Matsushita et al.
1997), the spectra can be well described by the two-component model. However, the ts are statistically
unacceptable for X-ray luminous galaxies (Table 3). The large 2 values mostly come from the discrepancy
between the data and the model around the Fe-L complex (0:7  1:4 keV), which is clearly seen in the SIS
data (Figure 1). We will address this problem later.
As shown in gure 2, X-ray luminosities of the ISM emission in 0.5{10.0 keV (i.e. the soft component),
LXs, within the accumulated radii (r < 4re), dier very much from object to object, even if their optical
properties are similar. In contrast, the hard-component luminosities, LXh, show rather good correlation
with LB (gure 2). This supports our basic interpretation (Matsushita et al. 1994) that the hard component
is emitted from binary X-ray sources in the host galaxy, particularly low-mass X-ray binaries (LMXBs),
since the number of binary X-ray sources (mostly involving neutron stars) should be roughly proportional
to its total stellar content. We note however that several galaxies such as NGC 507, NGC 5084, IC 4296
and IC 1459 exhibit at least a factor of 2 higher LXh=LB ratios than other galaxies. These excess hard
X-rays are likely to come from their low-luminosity active nuclei (e.g. Sadler et al. 1989), and if we exclude
these galaxies, LXh correlates even better with LB. The average LXh=LB ratio is 10−3:81, excluding objects
with LXh=LB > 10−3:34. This value agrees very well with the X-ray luminosities of early-type spirals
(LX = 10−3:82LB) obtained with Einstein (Fabbiano et al. 1988; Canizares et al. 1987), in which X-ray
emission is considered to be dominated by the LMXB emission. Therefore, the large scatter in the X-ray
luminosities of early-type galaxies discovered by Einstein is mainly attributed to the scatter in LXs.
Temperatures of the soft component (kTs) turn out to be 0.3{1.2 keV, and roughly correlate with stellar
velocity dispersions,  (Figure 3). This feature implies that the ISM is primarily heated and conned by the
gravity, and, therefore, kTs reflects the depth of the gravitational potential of each galaxy.
Figure 4 shows relation of LXs (in r < 4re) to the soft component temperature kTs. A clear positive
correlation with a correlation coecient of 0.6, is seen. Since kTs is a good indicator of the potential depth,
this correlation shows that the ISM luminosity within the optical radii is also an indicator of the gravitational
potential conguration. This temperature-luminosity correlation for early-type galaxies is much steeper than,
and distinct from, that of cluster of galaxies which is plotted in the same gure. This suggests that there is
some fundamental dierence in the mechanism of hot-gas connement between galaxies and clusters.
The hydrogen column density NH derived from the spectral t is mostly consistent with the Galactic
values. Exceptions are NGC 1399, NGC 4472, and NGC 7619, in which the measured column densities are
about (1− 2) 1021cm−2.
The single-temperature R-S model assuming solar abundance ratios gives low metal abundances for the
ISM, which are 0.1{0.8 solar. A strong positive correlation is seen between the ISM abundance and the ISM
temperature, or between the abundance and the ISM luminosity, as shown in gure 5. These correlations
are also noticed in the ROSAT data (Davis et al. 1996 Fig.2). The average stellar iron abundance in giant
elliptical galaxies is about 1.0 solar (Arimoto et al. 1997). Therefore, in the most X-ray luminous galaxies,
the ISM abundance is almost consistent with the stellar metallicity. However, X-ray fainter galaxies indicate
the lower ISM abundance than the stellar metallicity, which is very dicult to interpret. Also, there seems
no contribution from metal-rich ejacta of type Ia SNe (e.g. Loewenstein et al. 1991; Ciotti et al. 1991;
Renzini et al. 1993) in the ISM of all the observed galaxies.
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To nd some clues for this metallicity problem, we looked at ASCA data of NGC 5018 which indicated
extremely low Mg2 indices. However, this galaxy turned out to be very faint in X-rays (see table 2),
consistent with the correlation between LX=LB and Mg2 index (Eskridge et al. 1995). Thus, the data could
not constrain its ISM abundance.
The luminosity and abundance values obtained here agree with the published ASCA results (Awaki et
al. 1994; Matsushita et al. 1994; Mushotzky et al. 1994; Loewenstein et al. 1994; Matsumoto et al. 1997;
Arimoto et al. 1997; Buote et al. 1998; Buote et al. 1999; Buote 1999). This paper uses the ’meteoritic’ value
for the denition of the solar Fe abundance: the number ratio of Fe/H to be 3:2410−5. The previous papers
all use the ’photospheric’ value, 4:68  10−5. The ’meteoritic’ value is directly obtained from meteorites,
while the ’photospheric’ one involves spectral analysis of solar photosphere (Anders & Grevesse, 1989). Thus,
the former is considered more reliable than the latter.
We should emphasize that the ASCA data are the rst to enables us to separate the soft and the hard
spectral components unambiguously. The previous missions did not have necessary spectral resolution or
hard X-ray sensitivity. The ASCA results obtained here are generally consistent with the previous results
by it Ginga (Awaki et al. 1991; Ikebe et al. 1992), BBXRT (Serlemitsos et al. 1993), and ROSAT (Trinchieri
et al. 1994; Forman et al. 1993; Davis and White 1996; Fabbiano et al. 1994).
As a brief summary, we conrmed that the X-ray spectra of early-type galaxies show very low metal
abundances. X-ray luminous galaxies indicate large 2 values in the spectral ts, which is also a problem.
In the following subsections, we attempt to address these problems based on conventional spectral analysis.
Multi-temperature model
The spectral ts with single temperature models were performed in section 3.2. However, ROSAT ob-
servations of X-ray luminous galaxies show that the projected temperature proles have signicant gradients
by  0:2 keV (e.g. Trinchieri et al. 1994; Matsushita 2000), although gradients for X-ray fainter galaxies
are smaller (Matsushita 2000). Even when there is no large-scale inhomogeneity, the ISM may have a tem-
perature fluctuation in small angular scales. The central regions of clusters of galaxies in fact often show
multi-temperature components, such as that in the Centaurus cluster (Fukazawa et al. 1994; Ikebe et al.
1999).
Buote and Fabian (1998), Buote et al. (1999), and Buote (1999) report that spectral ts with two-
temperature or multi-temperature model for early-type galaxies commonly give larger metal abundances
than the single-temperature ts. We tried similar models on the SIS and GIS spectra, assuming multiple
R-S components and the 10 keV bremsstrahlung. Before tting the actual data, we carried out simulations.
Multi-temperature spectra with similar statistical quality as the data were constructed and tted with various
models. Single-temperature models were found to give approximately an average temperature and metal
abundance when the temperature range of the multi component was within  0:2 keV. Based on this result,
the tting models were made up as a sum of seven R-S components with xed temperatures of 0.2, 0.4, 0.6,
0.8, 1.0, 1.2 and 1.4 keV, and a 10 keV bremsstrahlung for the hard component. The seven R-S components
were constrained to have a common abundance, but were allowed to have separate, free normalizations. The
overall model was subjected to absorption with a common photoelectric absorber. The column density was
left free for X-ray brighter galaxies and xed to the Galactic value for fainter ones, in the same way as in
the previous subsection. Further addition of dierent temperature components did not change the result.
Thus, these 7 temperatures are practically enough to reproduce the metal abundance for any given multi-
temperature model, and this model is more universal than the two or three temperature model in describing
the multi-temperature nature of the ISM.
The tting results are summarized in Table 3 and shown in gure 6 and 7, compared with the previous
single temperature ts. The 2 models give very similar 2 values (gure 6). This simply indicates that the
large 2 values for X-ray luminous galaxies are not caused by an incorrect modeling of multi-temperature
emission. As reported by Buote et al. (1998), the 7-temperature t increases metal abundance for NGC 1399
and NGC 4472 by 50%. However, the increment is only 10{20% in other X-ray luminous galaxies, and the
average metal abundance for all the luminous galaxies increases only by  30% (gure 7). The uncertainty
is larger for X-ray fainter galaxies because of the increased degree of freedom in the temperature space.
However, temperature gradients are smaller in the fainter galaxies as shown in Matsushita (2000).
We conclude that the low abundance problem in the previous section cannot be solved by the multi-
temperature model, at least in the several X-ray luminous galaxies. Deviation from ionization equilibrium
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The major assumption we have adopted is that the ISM is in a complete ionization equilibrium. Gen-
erally, the degree of ionization of a plasma is parameterized by the quantity nt (Masai 1984), which is a
product of the electron density n and the elapsed time t measured from the initial time of ionization when
the gas was neutral. The plasma reaches an ionization equilibrium when nt exceeds  1012 cm−3 s. Since
the electron density in the ISM of early-type galaxies is typically n = 10−1  10−3 cm−3 (Forman et al.
1985; Trinchieri et al. 1986; Canizares et al. 1987), the ionization equilibrium is attained in only 3 1057
yr. The ISM should, therefore, be in a complete ionization equilibrium. However, there is a possibility that
the metals are locked in dust grains, which may be able to explain the observed low metallicity in the ISM.
These dust grains are sputtered by hot electrons in the ISM and gradually ionized. The time scale for the
grain evaporation is similar to the above ionization equilibrium time scale (Itoh 1989; Masai 1984), so the
spectral features should indicate deviation from ionization equilibrium if dust sputterings are still going on.
Among the plasma emission codes, only Masai model deals with plasmas in non-ionization-equilibrium
(NIE) condition. With this NIE model, we tted the SIS and GIS spectra of all the sample galaxies, similarly
as in section 3.2. The derived temperature and abundance will be separately examined later in section 4.2.
Figure 8 summarizes the derived nt parameter as a function of best-t temperatures. Most of the objects
consistent to have nt  1012 cm−3 s, implying that the ISM is in an ionization equilibrium.
Problems in the Spectral Analysis
As shown in section 3, no solution was given to the low-abundance problem by the multi-temperature
models or by the consideration of non-ionization equilibrium. The remaining points we need to examine are
deviation of abundance ratios from the solar values and uncertainty in the Fe-L atomic physics.
Uncertainty in the abundance ratios
Abundance ratios provide key information about the origin of the ISM. However, deriving elemental
contributions from an X-ray spectrum is a complicated task for a temperature kT  1 keV. Figure 9 shows
the best-t R-S model for the NGC 4636 data decomposed into the constituent elements. A major part of
the emission comes from Fe-L complex. Considerable contribution comes from K-emission lines of lighter
elements, such as O, Ne, Mg, Si, and S. Furthermore, Ni-L lines overlap with the Fe-L complex. Another
problem is caused by free-bound emission, which gives a step-like addition on the bremsstrahlung continuum
at the energies of K and L-edges of each element. These spectral features due to free-bound continuum and
emission lines in a single spectrum have to be tted in a consistent manner in obtaining the metal abundance.
To avoid the complexity in the spectral t as much as possible, we have combined the elements heavier
than H and He into two groups. One group consists of -elements, O, Ne, Mg, Si and S. A single common
abundance is assigned to these elements, which is hereafter denoted by A. The other group consists of Fe
and Ni, and their common abundance is denoted by AFe. This grouping was successfully applied to the data
of NGC 4636 (Matsushita et al. 1997). Obviously, the division of elements reflects metal synthesis processes;
the former group elements are produced in SNe II and the latter ones in SNe Ia, respectively. Although
Si and S are partly synthesized in SNe Ia, at least the ASCA data of NGC 4636 indicate that Mg to Si
abundance ratio agrees well with the solar ratio (Matsushita et al. 1997). Therefore, it seems reasonable in
the present analysis to assume that all the -elements (O, Ne, Mg, Si and S) have the same abundance.
The GIS and SIS spectra are jointly tted with the same model as before, with A and AFe as free
parameters. All the galaxies are analyzed in the same way, and the results are summarized in table 4. The
2 values show no improvement in this t (gure 10). Figure 11 shows condence contours of A against
AFe for 8 representative galaxies, in an increasing order of the ISM luminosity. The contours all show
narrow elongated shapes, indicating that the two parameters couple strongly. This is mainly because K-lines
and free-bound emission from -elements push up the continuum level for the Fe-L lines. As a result, the
uncertainty has increased by several times compared with the case of the solar ratio t.
For X-ray luminous galaxies the error regions shown in gure 11 are very much underestimated, because
their spectral ts are formally unacceptable with reduced 2 larger than 1.5. To examine whether much
higher abundance is allowed by the data, we forced A to 1.0 solar and left AFe free to vary. The results are
summarized in table 4. Figure 12 compares the two ts, In both cases, the data-to-model ratio deviates to
a similar extent. The increment of the reduced 2 from the previous variable abundance t is only  10%
even for X-ray luminous galaxies (gure 10). However, the previous ts were not acceptable, either. The
additional deviation of the model mainly occurs in the O-K line region. This O-K line problem is in fact
much smaller than the deviations already present in the variable abundance t around 0.7{0.8 keV, namely
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in the region of Fe-L complex. Therefore, the spectral t cannot clearly reject the case of A = 1:0 solar
even for X-ray luminous galaxies.
When A is xed at 1.0 solar, AFe correlates well with the ISM luminosity as shown in gure 13. In this
case, AFe becomes about 1.0 solar in X-ray luminous (LX > 1041 erg s−1) galaxies, and 0.5 solar in X-ray
fainter ones. Thus the scatter in the iron abundance among the bright and faint galaxies is now only within
a factor of 2, while it was an order-of-magnitude dierence in the solar-abundance-ratio t (see gure 5).
We note that there is no dierence between S0 and elliptical galaxies. This point will be discussed in section
6.2.3.
To summarize the tting results, the strong coupling between A and AFe has made the abundance
estimation dicult; on one hand, this coupling hampers unique determination of the overall metallicity. On
the other hand, if we shift the A=AFe ratio slightly o from the unity, the allowed metallicity becomes
signicantly higher than the results of solar ratio analysis.
Problems in the iron-L atomic physics
The spectral t is made complicated due to the uncertainty in the Fe-L atomic physics. The abundances
reported in the previous subsections have been obtained with the R-S thin thermal plasma emission code.
However, the model cannot t the Fe-L structure of X-ray luminous galaxies, even when we assume the multi-
temperature model or allow the abundance ratio to vary. The similar results were reported for the cluster
emission by Fabian et al. (1994). As Arimoto et al. (1997) and Matsushita et al. (1997) have investigated,
other plasma codes, MEKA (Mewe et al. 1985; Mewe et al. 1986; Kaastra 1992), MEKAL (Liedahl et al.
1995) and Masai (Masai 1984) model, dier from the R-S model mainly in the treatment of the Fe-L atomic
physics. When the plasma temperature is lower than  2 keV, these codes give considerably dierent spectral
features (Masai 1997). We need to examine the goodness of the t and the inferred abundance for these
dierent spectral codes.
By changing the spectral models, we tted the SIS and GIS data of all galaxies exactly in the same way
as described in section 4.1. The double-component model (thermal and hard bremsstrahlung) was assumed
with A and AFe as free parameters. We assumed an ionization equilibrium in the t.
As summarized in Table 5, the results depend heavily on the adopted plasma emission code. As shown
in gure 14, the reduced 2 values are fairly model dependent for bright galaxies. Figure 12 shows data-
to-model ratio for the R-S and MEKAL models in the case of SIS spectra for two X-ray luminous galaxies,
NGC 4636 and NGC 4472. Either of the models cannot reproduce the Fe-L complex adequately, and the
model-to-data relation is signicantly dierent between the two plasma emission codes.
The physical parameters derived from the spectral ts are also strongly model dependent. Figure 15a
compares the ISM temperature and hydrogen column density for dierent plasma codes. The dierence in
the temperature is relatively systematic: the MEKA model gives the lowest temperature among the four
codes, about 20% lower than the case of R-S model, while MEKAL and Masai models predict temperatures
within 10% of the R-S values. As discussed in Masai (1997), the dierent ionization and recombination
rates of Fe mainly causes these discrepancies in the spectral parameters. The hydrogen column density also
depends on the plasma emission codes (gure 15b). MEKA and MEKAL models give consistent or slightly
higher values than the R-S model, while Masai model tends to indicate lower absorption. For galaxies with
large column densities, the dierence sometimes amounts to 1021 cm−2.
The metal abundance shows a strong model dependence (gure 16a), with large uncertainty in X-ray
fainter galaxies. The MEKAL and the R-S models give similar values of A and AFe, and the MEKA and
Masai models indicate systematically higher abundances by a factor of 2  3 on the average. In particular,
the Masai model gives an abundance up to  2 solar for the most X-ray luminous galaxies.
However, gure 17 shows that the correlation between the two abundance groups, A and AFe, forms a
very similar elongated shape for all models as already seen in the case of R-S t (in section 4.1). In X-ray
fainter galaxies, the 4 error regions overlap and the implied abundances are consistent with each other among
the plasma codes. In X-ray luminous galaxies, the error regions are aligned in a narrow band which runs
almost in parallel to the elongation direction of each region.
As a result, once A is given, the dierence in AFe among the models must be fairly small. To conrm
this point in a quantitative manner, we tted the spectra with A xed at 1.0 solar and looked at the
dierence in AFe. The results are listed in Table 5 and shown in gure 16b. Clearly, AFe for dierent models
fluctuates by only 20{30%.
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The strong coupling between Fe-L lines and the spectral features due to other light elements is the main
factor which complicates the abundance determination. The level of coupling is signicantly dierent among
the plasma emission models, which reflects the uncertainty in the Fe-L atomic physics. When A is xed,
the dierence with the plasma code reduces to only 20{30% as shown in Figure 16b. This means that if
we are able to determine the level of the free-bound continuum, the abundance using the Fe-L lines will be
eectively constrained.
Improved Spectral Analysis
Spectral ts above 1.6 keV
Based on the study in section 4, we rst try to determine A which is the common abundance of so-
called -burning elements. Among them, lines from O and Ne are dicult to constrain from the ASCA data
due to false coupling between the Fe-L lines and the O-K and Ne-K lines (see section 4.1, section 4.2). In
contrast, Si-K and S-K lines are clearly seen in the spectra of X-ray luminous galaxies,
To utilize K-lines of Si and S, we exclude the Fe-L region, which is < 1:6 keV for the SIS and < 1:7
keV for the GIS data, respectively. Because of the eect of free-bound continuum from O, Ne, and Mg,
the determination of A is not straightforward. We need to assume relative abundance ratios among the
-burning elements. The ASCA data for NGC 4636 indicate that the abundance ratio between Mg and Si
agrees with the solar value within  30% (Matsushita et al. 1997). We assume here the same condition for
other X-ray luminous galaxies, namely O, Ne, and Mg are all assumed to have the same abundance. Thus,
the tting model consists again of the 10 keV bremsstrahlung and the R-S model, with the latter employing
the same elemental groups of A and AFe (see section 4.1).
The ts turned out to be acceptable (table 6), mainly because the Fe-L region was excluded. The
temperature shows a typical error of  0:1 keV, and are broadly consistent with those in the previous ts
involving the whole energy range (table 3,4,5). The condence contours of AFe vs. A for these hard band
ts are shown in gure 18 as shaded regions. The omission of the Fe-L region naturally leads to a much larger
error of AFe (gure 18). Nevertheless, A has been relatively well constrained with no strong dependence
on AFe. This is because free-bound continuum of Fe-L is weaker than those of O and Ne. In NGC 4636 and
NGC 4472, A is approximately one solar when AFe is around one solar. If one tries to raise A up to 2
solar, then AFe would have to be as high as 5 solar as implied by the shaded region in gure 18. In NGC 507
and NGC 1399, A is smaller than the level of NGC 4636 for the same value of AFe. Other X-ray luminous
galaxies also show a similar correlation with larger uncertainties.
Additional systematic errors to the Fe-L region
The successful determination of A in section 5.1 has left AFe poorly constrained, because of the complete
ignorance of the Fe-L data which must be very informative. We need somehow to utilize the information
carried by the low-energy spectra. The method we take here is recovering the low-energy (< 1:6 keV) data
with reduced statistical weight assigned on them. The low statistical weight should prevent the spectral t
from imposing a strong false constraint on A, which was formerly resulted when the Fe-L band spectrum
was tted too faithfully. Furthermore, the increased error helps to make the t formally acceptable and
enables us to evaluate the parameter errors in a straightforward manner.
The best-t models show dierence from the data in the Fe-L region with a typical amplitude of  20%
for X-ray luminous galaxies (gure 12). The deviation patterns are signicantly dierent among the models.
When A is xed, the variation of AFe with the plasma code also becomes 20  30%. This level of variation is
also expected from the theoretical consideration by Masai (1997). Based on these features, we will introduce
an additional systematic error of 20% in the 0.4{1.6 keV region. This level of error still keeps the ability of
spectral data to constrain the model in the Fe-L region with reasonable strength, as show below.
With this procedure, all the spectral ts have become acceptable for all emission models (table 7). The
additional 20% error was conrmed to be appropriate, since an error level of 10% gives too large 2 (reduced
2 > 1:5) and 30% gives too low 2 (reduced 2 < 0:7) values, respectively. The derived temperature
and hydrogen column density are consistent with the previous results. The condence contours for A vs.
AFe, shown in Figure 18, are still elongated, but dierent plasma emission codes now indicate overlaps with
each other. This feature enables us to estimate condence regions for A and AFe. NGC 4636 indicates
both abundances to be  1 solar within a factor of 2. Other X-ray luminous galaxies show A and AFe
to be 0:5  1:0 solar. The ratio of A to AFe is within 50% of the solar value at the 90% condence
for all galaxies. These abundance values dier signicantly from those obtained with the exact solar-ratio
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assumption described in section 3.2. The A values agree well with the hard-band results in the previous
subsection. This consistency supports that our treatment of the data in the Fe-L region is appropriate.
Correlation between ISM metallicity and luminosity
Correlation between the metallicity and the X-ray luminosity of the ISM needs to be examined again.
X-ray fainter galaxies show very weak lines from  elements (see gure 1), and their soft X-ray continua are
masked by rather strong hard components. These conditions hamper accurate determination of A in these
galaxies, also making AFe values highly uncertain.
In order to cope with this diculty in the X-ray fainter galaxies, we have combined the data of all
target galaxies into 6 groups according to their ISM temperature and X-ray luminosity as shown in Table 8.
The spectra in each group are tted simultaneously. The ISM temperature and 2 normalization parameters
for the soft and hard components are free parameters assigned for each galaxy, while all the galaxies are
assumed to have common A and AFe values. The 20% systematic error is included in the Fe-L region for
X-ray luminous galaxies (LX > 1040 erg s−1), but X-ray fainter galaxies (LX < 1040 egs s−1) go through
the tting directly because statistical errors are much larger.
The results from this group analysis are summarized in table 8 and shown in gure 19. Acceptable ts
are obtained for all groups with the parameter values consistent with those derived in section 5.2. X-ray
luminous galaxies give consistent results for all the plasma emission codes. The condence contours for X-ray
fainter galaxies indicate large uncertainties for both A and AFe, similar to the features in gure 11. For a
given A, however, the power of constraining AFe has become better.
All the plasma emission codes show separation of condence contours for the faint and the luminous
groups. X-ray luminous galaxies indicate AFe and A to be 0:5  1 solar, and their ratio is within  30%
of the solar value. The X-ray fainter galaxies show signicantly lower AFe for the same A. When the
ISM temperatures are similar, the strength of Fe-L lines directly indicates the abundance dierence. The
abundance comparison between X-ray luminous and faint low-temperature (0:6 < kT < 0:8 keV) groups
should, therefore, involve very small systematic error. We conclude that the ISM abundance depends more
on the ISM luminosity than on the ISM temperature.
Among X-ray luminous galaxies, the high temperature group indicates low A and AFe values at  0.5
solar. Representative galaxies are NGC 507 and NGC 1399, which show low A values determined from Si
K-line intensity for a given value of AFe as shown in gure 18. The abundance ratio is similar to those in
the other X-ray luminous groups.
Discussion
We have analyzed ASCA data for 27 giant (LB > 1010L) early-type galaxies. X-ray luminosities of
these galaxies are 104042 ergs−1.
Summary of results The spectra of the early-type galaxies have been tted reasonably well with a 0:3−1:0
keV thermal model (the soft component) and a 10 keV bremsstrahlung model (the hard component). The
hard component should mostly consist of emission from LMXBs such as in early-type spirals and in galactic
bulges. By separating the pure ISM component, we showed that the large scatter in the overall X-ray
luminosity of these objects was due to fluctuations in the ISM luminosity.
Unusually low abundances ( 0:3 solar) were obtained with the R-S plasma model assuming solar-
abundance ratios. We carefully examined whether these results are artifacts of the data analysis. We showed
that multi-temperature models could not change the results of the most X-ray luminous galaxies, alghouth
higher abundances were allowed for X-ray fainter galaxies simply because of poor data statistics. Assumption
of non-ionization equilibrium could not solve the problem either.
We found that the overlap among emission lines and free-bound continuum cause strong coupling among
the abundances of various elements. As a result, when models with variable abundance ratios are tted to
the data, the allowed range of abundance increases dramatically while keeping strong correlations among
dierent elements. Another diculty is the large uncertainty in the Fe-L atomic physics. Dierent plasma
emission codes give signicantly dierent abundances, and none of them provide acceptable ts to the Fe-L
spectra of X-ray luminous galaxies. In contrast, when abundances of -elements (A) were xed, all the
plasma codes give similar Fe-abundances (AFe) within 20{30%. Therefore, the strong dependence of the
abundance on the emission code is mainly attributed to the strong coupling between Fe-L and -element
lines (particularly O-K and Ne-K lines).
In order to solve the above coupling problem, we have assumed -elements to take the solar abundance
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ratios based on the results by Matsushita et al. (1997). Eect of the free-bound emission of Fe-L on the Si
abundance was estimated, and the Si abundance was concluded to be roughly 1 solar within a factor of 2
in X-ray luminous galaxies. Finally, we included additional systematic errors by 20% in the Fe-L region of
the spectra and relaxed the strong coupling between Fe and -elements (particularly O and Ne). This has
allowed the Si-K lines to make a signicant contribution to the 2 minimization for several X-ray luminous
galaxies, and as a consequence, the derived A and AFe both became  1 solar within a factor of 2. In
addition, discrepancy among the plasma emission codes has been reduced, and the spectral ts have become
mostly acceptable with all plasma models.
In contrast to the luminous objects, the ISM metallicity in X-ray faint galaxies remained highly uncertain
because of very large statistical errors in the Si line intensity. However, strong correlation was again seen
between Fe and -element abundances, and the AFe vs. A condence regions showed statistically signicant
dependences on the X-ray luminosity.
ISM metallicity and chemical evolution
The hot ISM is considered to be a mixture of the stellar mass-loss products and the supernova ejecta.
Therefore, elemental abundances in the ISM measured with X-ray spectra give almost unique information
on the contribution from these enrichment processes.
More specically, the ISM abundances can be expressed as, equation zi = yi + SNy
i
SN + SN 
yi + hSNiyiSN
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